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ABSTRACT
An analysis is presented of the optical polarimetric and multicolour photometric (BVRJ)
behaviour of the blazar PKS 2155–304 during an outburst in 2010. This flare develops over
roughly 117 days, with a flux doubling time τ ∼ 11 days that increases from blue to red
wavelengths. The polarization angle is initially aligned with the jet axis but rotates by roughly
90◦ as the flare grows. Two distinct states are evident at low and high fluxes. Below 18 mJy,
the polarization angle takes on a wide range of values, without any clear relation to the flux. In
contrast, there is a positive correlation between the polarization angle and flux above 18 mJy.
The polarization degree does not display a clear correlation with the flux. We find that the
photopolarimetric behaviour for the high flux state can be attributed to a variable component
with a steady power-law spectral energy distribution and high optical polarization degree
(13.3%). These properties are interpreted within the shock-in-jet model, which shows that the
observed variability can be explained by a shock that is seen nearly edge-on. Some parameters
derived for the relativistic jet within the shock-in-jet model are: B = 0.06 G for the magnetic
field, δ = 22.3 for the Doppler factor and Φ = 2.6◦ for the viewing angle.
Key words: galaxies: active – blazars: polarization – optical, blazars: individual: PKS 2155–
304
1 INTRODUCTION
Blazars are a subclass of radio-loud AGN, where the relativistic
jet is closely aligned to the line-of-sight of the observer (Urry &
Padovani 1995) and for which the most extreme observational prop-
erties are detected (Fan & Lin 2000; H.E.S.S. Collaboration et al.
2007; Kastendieck et al. 2011). The observed radiation spans the
entire electromagnetic spectrum, from radio to γ–ray wavelengths,
and is dominated by non-thermal emission from a relativistic jet, as
well as the presence of polarization at radio and optical wavelengths.
The spectral energy distribution (SED) consists of two broad emis-
sion features. The low-energy component is located at optical to
soft X–ray energies and is due to relativistic electrons spiralling in
a magnetic field (synchrotron emission). The high-energy compo-
nent is located at hard X–ray to γ–ray energies and is attributed
to Inverse Compton emission of the relativistic electrons. The seed
photons for inverse Compton scattering can be provided by the syn-
chrotron emitting electrons themselves (Synchrotron Self Compton
emission), or from external photon fields (External Compton emis-
sion) (H.E.S.S. Collaboration et al. 2009; Abdo et al. 2010; Reynoso
et al. 2012; Chen et al. 2012). The magnetic field of the jet therefore
? Contact e-mail: nikki.pekeur@ast.uct.ac.za
underlies the physical processes that produce the observed blazar
emission.
The polarization is a direct observable of the magnetic field
and can provide useful information on the geometry and degree
of order of the magnetic field of the relativistic jet. The degree
of optical polarization could be related to the level of ordering of
the magnetic field or to the electron energy distribution within the
emission region, while the position angle of the polarization vector
could be related to the direction of the magnetic field vector along
the line of sight (Angel & Stockman 1980; Lister & Smith 2000;
Dulwich et al. 2009).
Variousmodels have been proposed to explain the observed po-
larization of blazars. These models can be divided into two classes:
deterministic and stochastic. Stochastic models are based on lower-
ing the maximum possible polarization degree for synchrotron ra-
diation (∼ 69% for a power-law particle spectrum with index p = 2)
to values that are more compatible with observations ( <∼ 10%) by
assuming that the emission region is composed of many cells, each
containing a roughly uniform magnetic field that is randomly ori-
ented from cell to cell (e.g. Jones et al. 1985; Jones 1988; Marscher
2014; Kiehlmann et al. 2016).
Deterministic models usually consider the polarization due to a
large scale helical magnetic field (e.g. Lyutikov et al. 2005), velocity
shear (e.g. Laing 1980; D’Arcangelo et al. 2009), or the compres-
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sion of an initially tangled magnetic field by shock waves in the jet
(shock-in-jet model, Marscher & Gear 1985; Hughes et al. 1985;
Cawthorne & Cobb 1990). For a helical magnetic field geometry,
the net magnetic field seen by the observer can appear to be either
transverse or longitudinal (Lyutikov et al. 2005), while an initially
turbulent magnetic field can be partially ordered through velocity
shear or shocks propagating in the jet. Velocity shear can arise when
fast plasma near the jet axis flows past slower material closer to the
boundary. The resulting velocity gradient stretches and aligns the
magnetic field along the direction of flow, leading to transverse po-
larization angles (e.g. Laing 1980; D’Arcangelo et al. 2009). Shocks
can partially order a turbulent magnetic field by compressing the
magnetic field component parallel to the shock front. For transverse
or oblique shocks (e.g. Hughes et al. 1985; Lister et al. 1998; Hughes
et al. 2011), the shock front is oriented transverse to the jet axis or
at an oblique angle, resulting in polarization angles that are aligned
with the jet axis1. For conical shocks, the polarization angle can be
either parallel or perpendicular to the jet axis (Cawthorne & Cobb
1990). However, the largest possible polarization for the transverse
case is ∼ 10%.
Two component models, where the polarization is attributed to
a variable component of higher polarization degree superposed on a
constant component with lower polarization degree, have also been
successful at modelling the observed polarization of blazars (e.g.
Hagen-Thorn et al. 2008; Barres de Almeida et al. 2010; Sorcia et al.
2013; Gaur et al. 2014; Bhatta et al. 2015). The constant component
is usually identified with persistent emission from the quiescent jet,
while the variable component is attributed to a shock. For the shock-
in-jet model, ordering of the magnetic field in the shocked region
leads to a positive correlation between the polarization degree and
total flux (e.g. Hagen-Thorn et al. 2008; Sorcia et al. 2013) if the
quiescent jet has a completely chaotic magnetic field. However, if
the magnetic field in the unshocked region possesses a component
parallel to the jet axis, the shock may strengthen the total flux but
partially cancel the polarization, leading to an increase in total flux
and a decrease in polarization degree (e.g. Hagen-Thorn et al. 2002;
Gaur et al. 2014).
It is not clearwhichmodel best describes the photopolarimetric
behaviour of flaring blazars. Here, we present quasi-simultaneous
multiband photometric and polarization observations of PKS 2155–
304 during a prominent optical flare in 2010, in an effort to under-
stand the origin of the observed variability. Measurements were ob-
tained from the long-termmonitoring campaign of gamma-ray emit-
ting blazars operated by the Steward Observatory and the SMARTS
blazar programme. The polarized and photometric fluxes are com-
pared and analyzed in terms of a two-component model. The paper
is organized as follows: section 2 describes the observations, fol-
lowed by a photopolarimetric analysis of the source in section 3, a
discussion of the results is presented in section 4 and the conclusions
are put forth in section 5.
2 OBSERVATIONS
PKS 2155–304 is a target of the long-termmonitoring of the optical
polarization of Fermi detected gamma-ray blazars, operated by the
Steward Observatory (Smith et al. 2009), and of the Small andMod-
erate Aperture Research Telescope System (SMARTS), a long-term
1 Relativistic aberration tends to make larger viewing angles appear smaller
such that an oblique shock will appear to be oriented closer to the jet viewing
angle, thereby appearing to be a transverse shock.
photometric monitoring programme operated by the Cerro Tololo
Inter-American Observatory (Bonning et al. 2012). Photopolari-
metric measurements of the source were obtained from the publicly
available SMARTS and Steward Observatory archives2.
The StewardObservatory’s polarizationmeasurements are per-
formed using SPOL, an imaging spectro-polarimeter consisting of
polarizing optics, a spectrograph and a CCD imaging camera. The
instrument is mounted on the 1.54 m Kuiper telescope or the 2.3
m Bok telescope of the Steward observatory. Light incident on the
telescope is passed through an achromatic 14– and
1
2–wave plate,
which measures circular and linear polarization, respectively. A
Wollaston prism separates the incident beam into its two orthogo-
nal components, thereby enabling two independent measurements
of the polarization. The polarization in the B–, V– and R–band were
calculated by multiplying the relative Stokes spectrum (measured
between 4355 Å – 7195 Å) with the B–, V– and R–band spectral
response functions of the telescope.
The SMARTS photometric observations are performed at opti-
cal and near-infraredwavelengths using four small telescopes (1.5m,
1.3m, 1.0m and 0.9m) that are located in Chile. Measurements are
obtained with ANDICAM, a dual-channel imager with a dichroic
that feeds an optical CCD and an infrared (IR) imager, resulting in
simultaneous B–, V–, R–, J– and K–band observations. Photomet-
ric errors as low as 0.01 mag in the optical and 0.02 mag in the
IR are observed for bright sources (<16 mag in the optical and <13
mag in IR).
The results of the photometric observations between April
2009 and Dec 2014 are shown in Fig. 1. The light curves reveal the
presence of multiple flares throughout the monitoring period. The
most prominent optical outburst occurs in 2010 (visible across all
bands), with the source reaching a peak flux of IR = 30.5±1.7mJy
in the R–band on MJD = 55538. Figure 2 displays simultaneous
photopolarimetric measurements of PKS 2155–304 for the flare.
The figure demonstrates erratic variability for the polarization de-
gree, while the polarization angle or electric vector position angle
(EVPA) appears to follow an overall decreasing trend, changing by
approximately 90◦. At the onset of the flare, the polarization angle
is aligned with the jet axis (θ = 150◦ − 160◦, Piner et al. 2008,
2010), thereafter changing to an EVPA that lies roughly transverse
to the jet direction as the flare grows.
3 PHOTOPOLARIMETRIC ANALYSIS
Inspection of the relationship between the polarization angle and
R–band flux show the existence of two distinct states at low and
high fluxes (see Fig. 3). Below 18 mJy, the polarization angle takes
on a range of values (∼ 75◦−150◦) without any clear relation to the
flux, while a positive correlation is observed between the EVPA and
R–band flux above 18 mJy (with a correlation coefficient r = 0.84),
with the polarization angle oriented roughly transverse to the jet
direction (60◦ − 70◦) for the epoch of highest polarization. The
polarization degree, in contrast, does not demonstrate a clear corre-
lation with the flux. Although the maximum polarization degree is
detected during the high flux state.
2 The Steward Observatory archive can be found at http://james.as.
arizona.edu/~psmith/Fermi/. The SMARTS archive can be found at
http://www.astro.yale.edu/smarts/glast/home.php
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Figure 1. Extinction-corrected multiband light curves of PKS 2155–304
between April 2009 and Dec 2014. The most prominent flare occurred in
2010 and is shown in black. The flare is visible for all of the observed bands.
3.1 Polarization Parameters of the Variable Component
Following Hagen-Thorn & Marchenko (1999), the observed emis-
sion is decomposed as the superposition of a variable component
and a constant component, I = Ivar + Icons, which yields:{
Q = qvarI + (Qcons − qvarIcons)
U = uvarI + (Ucons − uvarIcons),
(1)
where the subscripts var and cons denote the variable and constant
emission component, respectively. Then, if the variable component
has constant polarization properties (i.e. qvar and uvar is constant), a
linear relationshipwill be observed forQ versus I andU versus I. The
slopes of these lines are the relative Stokes parameters of the variable
component (see equation 1), which give the polarization degree
and EVPA of the variable emission component. Hence, a linear
relation in the space of the Stokes parameters {I,Q,U} suggests
that the observed emission is due to a single variable component
with constant polarization degree and angle.
Figure 4 displays the relationship between the Stokes fluxes
and the R–band flux. Inspection of Fig. 4 reveals two distinct types
of behaviour. The Stokes Q and U flux appear to vary randomly
between −0.8mJy and 0.3 mJy below 18 mJy, while there is a linear
relationship between the variables above 18 mJy with a correlation
coefficient rQ−I = −0.82 for Q vs I and rU−I = −0.72 for U
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Figure 2. Simultaneous photopolarimetric observations of PKS 2155–304
during its 2010 optical outburst. The panels from top to bottom display the
photometric flux, polarization degree, polarization angle, absolute Stokes
Q flux and the absolute StokesU flux. All measurements were obtained in
the R–band.
vs I. The best fit line, calculated using the orthogonal regression
method, is superimposed. The slope of each line gives the relative
Stokes parameters of the variable component which yields pvar =
13.3 ± 2.8% for the polarization degree and θvar = 116 ± 6◦ for
the polarization angle of the variable component. The polarization
degree is comparable to the highest fractional polarization for the
variable component found by Barres de Almeida et al. (2010), p =
12.5%. The derived polarization degree is relatively small when
compared to the maximum possible polarization for a synchrotron
source with α = 1.12 (cf. section 3.2) in a uniform magnetic field
(p = 76%), which is indicative of a non-uniform magnetic field
direction inside the emitting region.
Below 18 mJy, the polarization variability appears to be well
represented by a uniform distribution. Random sampling Q and U
from the uniform distribution on the same interval [−0.8, 0.3] yields
a variance σ2
Qm
= 0.13 and σ2Um = 0.15, which is comparable to
the observed values, σ2
Q
= 0.13 and σ2U = 0.10. Therefore, the
polarization variability is well-represented by a uniform distribution
during the low flux state.
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Figure 3. Left:Dependence between the polarization degree and R–band flux. Right:Dependence between polarization angle and R-band flux. Note two distinct
states above and below Ic = 18 mJy (dashed line). The dotted-dashed line represents the jet direction. Colour indicates the date of the observation, with the
scale given by the colour bar.
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Figure 4. Comparison of the absolute Stokes parameters during the optical flare seen in 2010. The linear fit to the data for all I > 18 mJy is indicated by the
solid line. The dashed line represents Ic = 18 mJy. Colour indicates the date of the observation, with the scale given by the colour bar.
3.2 Spectral Energy Distribution of the Variable Component
For photometry, the flux ratio for different pairs of spectral bands
are (Hagen-Thorn & Marchenko 1999):(
Iν
Iν0
)var
= ανν0, (2)
where the superscript refers to the variable emission component and
ν0 is the reference spectral band. If the spectral index of the variable
emission does not change with frequency then these flux ratios are
constant and
Iν = ανν0 Iν0 +
(
Iconsν − ανν0 Iconsν0
)
. (3)
Equation 3 shows that a linear relationship will be observed for Iν
versus Iν0 for multicolour observations. Hence, a linear relation in
the flux-flux diagrams for several bands indicates that the relative
SED of the variable component remains steady. The spectral index
of the variable emission can then be derived from the slope of the
best fit line for logανν0 versus log ν.
The B–, V– and J–band fluxes relative to the R–band flux is
displayed in Fig. 5, with the best fit lines calculated using the or-
thogonal regression method. The slopes of the fitted lines represent
the flux ratio between the given pairs of bands. Since a linear re-
lationship is observed it can be inferred that the relative SED of
the variable component remains steady during the observation pe-
riod. The variable emission spectrum of the source is displayed in
MNRAS 000, 1–8 (2020)
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Figure 5. The B–, V– and J–band fluxes relative to the R–band flux during
the 2010 optical flare of PKS 2155–304. The best fit lines are superimposed.
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Figure 6. Relative SED of the variable emission component of PKS 2155–
304 during its 2010 outburst. The best fit line is superimposed, with slope
α = 1.12 ± 0.07.
Fig. 6, which shows that the SED is well-described by a power-law
Fν ∝ ν−α with slope α = 1.12 ± 0.07, consistent with emission
from a synchrotron source.
3.3 Variability Timescale
Following Burbidge et al. (1974), the timescale of variability for the
multiband light curves is defined as τ = dt/ln(I1/I2), where dt is the
time interval between fluxmeasurements I1 and I2, with I1 > I2. All
possible timescales τi j are calculated for any pair of observations
for which |Ii− Ij | > σIi +σIj . Theminimum variability timescale is
then given by τ = min{τi j }, where i = 1...N − 1, j = i + 1, ...N and
N is the number of observations. The results are listed in Table 1.
The columns are (1) the observation band, with IP the polarized
flux in the R–band, (2) the number of observations N and (3) the
variability timescale τ (days). Table 1 indicates that the timescale
of variability during the flare is on the order of a few days and that
light curves with similar sampling display an increase of timescale
with wavelength.
The shortest timescale, τ ∼ 0.7 days, occurred in the polarized
Table 1. Variability timescales of PKS 2155–304 during its 2010 outburst
(1) (2) (3)
Band N τmin
(days)
B 49 8.38
V 49 9.09
R 49 10.75
J 42 9.16
IP 21 0.68
flux. Comparison of the variability timescales of the total and po-
larized R–band fluxes implies that the polarized emission originates
in a subsection (∼ 116 ) of the optical emission region.
4 DISCUSSION
Simultaneous polarimetric and photometric observations of PKS
2155–304 show that the optical flare seen in 2010 can be attributed
to a single variable component with the following properties:
1. a steady spectral shape,
2. a high degree of polarization,
3. a correlation between the flux and polarization angle,
4. a tendency of the magnetic field to be transverse to the jet direction
during the epoch of highest polarization, and
5. an increase in the timescale of variability with wavelength.
These characteristics are consistent with a shock propagating in
a relativistic jet with a turbulent magnetic field (Marscher & Gear
1985; Hughes et al. 1985), with synchrotron radiation losses leading
to larger variability timescales at longer wavelengths. The shock
orders the turbulent magnetic field along the shock front, leading to
a change in the polarization angle. Since transverse shocks lead to
polarization angles oriented parallel to the jet axis, it is more likely
that an oblique shock is responsible for the observed emission.
4.1 Shock-in-Jet Model
The observed flux of a shock moving through a turbulent plasma
with constant bulk Lorentz factor Γ is:
F = F0ν
−αδ(3+α)δ′(2+α), (4)
where F0 is the flux scaling factor, δ = [Γ(1 − β cosΦ)]−1 is the
Doppler factor of the jet in the observer’s frame, β =
√
1 − Γ−2 is
the speed of the shock normalized to the speed of light and Φ is the
viewing angle of the jet in the observer’s frame. The factor δ′ is the
Doppler factor of the shocked plasma in the rest frame of the shock.
Without loss of generality, it can be assumed that the velocity of
the shocked plasma in the frame of the shock is c, where c is the
speed of light and δ′ ≈ 1 (Hagen-Thorn et al. 2008).
From Hughes & Miller (1991), the polarization degree of the
shocked plasma is:
p ≈ α + 1
α + 5/3
(1 − η−2) sin2 Ψ
2 − (1 − η−2) sin2 Ψ , (5)
where η = nshock/nunshocked is the density of the shocked region
relative to the unshocked region and Ψ is the viewing angle of
the shock in the observer’s frame, which is subject to relativistic
aberration and is defined as:
Ψ = tan−1
{
sinΦ/
[
Γ
(
cosΦ −
√
1 − Γ−2
)]}
(6)
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Typical bulk Lorentz factors derived from emission models of the
VHE emission of PKS 2155–304 during the high state seen in 2006
yield Γ = 25 − 50 (Foschini et al. 2007; Begelman et al. 2008;
Narayan & Piran 2012), while Reynoso et al. (2012) showed that
the observed VHE emission could also be explained by multiple
shocks with Γ = 10.5 − 13. The Doppler factor δ(t) can then be
determined from equation 4 by adopting α = 1.12, the spectral
index of the variable component, and an average value of Γ ∼ 20.
The scaling factor F0 = Fmaxνα/δ(3+α)0 , with Fmax the observed
flux in the R− band at peak polarization. The δ0 factor is calculated
from Φ0 = 2.9◦, which is determined from equation 6 for Ψ =
90◦, corresponding to the maximum polarization degree due to
the shock. The evolution of the shock parameters are found by
using δ(t) to solve for Φ(t), which is then used to solve for the
viewing angle of the shock, Ψ(t), through equation 6. The shock
compression factor, η(t), can then be derived by substituting Ψ(t)
and the observed polarization degree into equation 5. The resulting
shock parameters are displayed in Fig. 7 and demonstrate that, for
constant bulk Lorentz factor, small changes in the viewing angle
(< 1◦) and plasma compression factor (∆η = 0.10) produce large
variations in the flux and polarization degree. The peak flux is
reached when the viewing angle of the jet is a minimum (Φ = 2.6◦).
The plasma compression reaches its highest value during the rising
phase of the flare, roughly 30 days before the total brightness reaches
its peak value. However, η does not appear to have any systematic
trends.
The shock is seen nearly edge-on throughout the flaring period
(Ψ ∼ 91◦), varying by < 12◦, which implies that the shock is seen
at an oblique angle to the jet axis (see Fig. 8). Compression of the
magnetic field by the shock yields a net magnetic field component
parallel to the shock front. The parallel and perpendicular magnetic
field components with respect to the jet axis are then given by
B‖ = B cosΦ and B⊥ = B sinΦ, respectively. The corresponding
electric field components perpendicular and parallel to the jet axis
are E⊥ = E cosΦ and E‖ = E sinΦ (see Fig. 8). For the small angle
approximation relevant for blazars the electric field components
reduce to E⊥ ≈ E and E‖ ≈ 0. Hence, the polarization angle for
an edge-on shock is expected to lie transverse to the jet axis, as
demonstrated in Fig. 2, which shows that the polarization angle lies
roughly transverse to the jet axis during the peak polarization epoch
(θ ∼ 60◦ − 70◦).
For the shock-in-jet scenario, relativistic electrons are injected
into the emitting region by the shock, leading to a steady spectral
shape and short timescale of the variability in the optical bands.
A steady spectral shape implies a quasi-steady state of the emis-
sion between the rate of injection and radiative losses, which is
re-established every 8 − 11 lt-days. The timescale of variability re-
lates to the thickness of the shock front, which is determined by the
lifetime of the relativistic electrons being accelerated at the front.
The lifetime of the synchrotron electrons for a given frequency ν in
GHz in the observer’s frame is Hagen-Thorn et al. (2008):
tsync = 4.75 × 102
(
1 + z
δνGHzB3G
)1/2
days, (7)
where BG is the magnetic field in gauss. Adopting the maximum
derived Doppler factor for the observations (δ = 22.3) and τ =
10.75 days in theR–band yields B = 0.06G, in agreementwith other
estimates of the typical magnetic field in blazars (e.g., Marscher &
Gear 1985; Hagen-Thorn et al. 2008; Barres de Almeida et al. 2010;
Sorcia et al. 2013). Equation 7 also implies that the timescale of
variability in the R–band should be a factor of 1.2 greater than the
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Figure 7. Derived values for the Doppler factor δ, jet viewing angle Φ,
viewing angle of the shock Ψ and compression factor of the shocked plasma
η for PKS 2155–304 during its 2010 optical outburst.
B–band, which is consistent with what is observed (see Table 1).
Therefore, the polarimetric and multicolor photometric behaviour
of PKS 2155–304 during its 2010 outburst is consistent with the
characteristics of the shock-in-jet model.
4.2 Helical Magnetic Field
An alternative interpretation for the photopolarimetric behaviour of
PKS 2155–304 during its 2010 optical flare is that the observed
variations are due to changes in the bulk Lorentz factor and viewing
angle of a jet with a helical magnetic field geometry.
For a jet pervaded by a helical magnetic field, the observed
polarization for optically thin synchrotron emission3 can be ap-
proximated as (Lyutikov et al. 2005):
P = Pmax sin2 φ, (8)
with Pmax ≈ 20% and φ the viewing angle in the rest frame of the
jet, which is related to the observed angle Φ through the Lorentz
transformation:
sin φ = δ sinΦ, (9)
3 For the diffuse and reverse-field pinch cases of a filled jet, where the
number density of relativistic particles is proportional to the square of the
magnetic field (see fig. 11c and 12c in Lyutikov et al. (2005)).
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Figure 8. Electric field arising from shock compression of a tangled magnetic field for an edge-on shock (Ψ = 90◦) for a blazar with viewing angle Φ.
where δ is the Doppler factor of the jet in the observer’s frame.
The Doppler factor can be obtained from the observed flux due
to a relativistic plasma with bulk Lorentz factor Γ for a smooth,
continuous jet:
Fν = δ2+aF ′ν, (10)
where F ′ν ∝ ν′−α is the flux in the rest frame of the jet, ν′ the
frequency in the rest frame of the jet and α is the spectral index.
Adopting α = 1 (comparable to value derived for the variable
component) yields δ = δmax(F/Fmax)1/3, where δmax is determined
from the definition of the Doppler factor for Φmin = 2.6◦ and
Γ = 20 and Fmax is the maximum observed flux in the R–band,
and the viewing angle through the definition of the Doppler factor.
The polarization degree for a helical magnetic field can then be
recovered by substituting δ andΦ into equation 9 and 8. The results
are displayed in Fig. 9 and demonstrate that the helicalmagnetic field
model overestimates the observed polarization degree. Adopting a
lower value for the bulk Lorentz factor (Γ = 10.54 Reynoso et al.
2012.) yields a similar result, although the resulting polarization
degree is closer to the observed level of polarization. Hence, it is
unlikely that the observed polarization of PKS 2155–304 during its
2010 outburst is due to a helical magnetic field.
5 CONCLUSIONS
The BL Lac PKS 2155–304 experienced a prominent optical out-
burst in 2010, increasing by a factor of 3.7 over roughly 4 months.
Analysis of multi-colour photometric measurements and R–band
polarization measurements indicate the following:
1. The existence of two distinct states at low and high fluxes. Below18
mJy, the polarization angle and photometric flux is not correlated,
while there is a positive correlation between the polarization angle
and flux above 18 mJy (r = 0.84).
2. During the high flux state, the polarization angle during the epoch
of highest polarization tends to be oriented transverse to the jet
direction.
3. The variable emission can be attributed to a variable component
with high polarization degree (13.3%) and a constant power-law
spectral energy distribution with α = 1.12 ± 0.07.
4. Variations on timescales of days are present for all observation
bands, with the minimum timescale of variability increasing with
wavelength.
4 Compare with models of the quiescent emission, which yield Γ = 10
(Reynoso et al. 2012).
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Figure 9. Top panel: The Doppler factor δ (red dashed line) and viewing an-
gle θ (green dotted-dashed line) characterizing the optical emission region
according to a geometrical interpretation of the long-term optical flux vari-
ability for a bulk Lorentz factor Γ = 20. The observed polarization degree
is represented by the black filled circles, while the polarization degree as
predicted by the helical magnetic field model is indicated by the blue filled
circles. The Γ = 10.5 case is shown in the bottom panel for comparison.
Models of the quiescent emission give Γ = 10 (Reynoso et al. 2012).
These properties are consistent with the shock-in-jet model, which
shows that the observed variability can be explained by an edge-
on shock (assuming constant bulk Lorentz factor Γ = 20). Some
parameters derived for the relativistic jet within the shock-in-jet
model are B = 0.06 G for the magnetic field, δ = 22.3 for the
Doppler factor and Φ = 2.6◦ for the viewing angle.
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